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Respiratory epitheliumith speciﬁc types of sialic acid during attachment and entry into susceptible cells.
The precise amino acids in the hemagglutinin protein that control sialic acid binding speciﬁcity and afﬁnity
vary among antigenic subtypes. For H3 subtypes, amino acids 226 and 228 are critical for differentiating
between α2,3- and α2,6-linked forms of sialic acid (SA). We demonstrate that position 190 of the HA from A/
Udorn/307/72 (H3N2) plays an important role in the recognition of α2,3-SA, as changing the residue from a
glutamic acid to an aspartic acid led to alteration of red blood cell hemagglutination and a complete loss of
replication in differentiated, murine trachea epithelial cell cultures which express only α2,3-SA. This amino
acid change had a minimal effect on virus replication in MDCK cells, suggesting subtle changes in receptor
recognition by the H3 hemagglutinin can lead to signiﬁcant alterations in cell and species tropism.
© 2009 Elsevier Inc. All rights reserved.Introduction
Inﬂuenza Avirus is a signiﬁcant human pathogen that causes annual
epidemics in the human population (Thompson et al., 2004; Thompson
et al., 2003). While only two antigenic subtypes of inﬂuenza A virus
circulate in humans (H3N2 and H1N1), a number of different antigenic
subtypes exist and circulate widely in avian populations (Dugan et al.,
2008). Through reassortment of virus gene segments, inﬂuenza A virus
strains containing hemagglutinin (H or HA) and neuraminidase (N or
NA) antigenic subtypes that are novel to humans can emerge, leading to
inﬂuenzaAvirus pandemics that are associatedwith signiﬁcantly higher
morbidity and mortality (Rajagopal and Treanor, 2007).
In order for an avian inﬂuenza A virus strain to replicate and
transmit efﬁciently in humans, a number of barriers must be
overcome (Parrish and Kawaoka, 2005). One of the critical barriers
appears to be the recognition of appropriate forms of sialic acid (SA),
the inﬂuenza A virus receptor, by the HA protein. Human inﬂuenza A
virus strains preferentially recognize sialic acid linked via an α-2,6
glycosidic linkage (2,6 SA) to the penultimate carbohydrate while
avian inﬂuenza A viruses preferentially recognize α-2,3 SA (2,3 SA)
(Rogers et al., 1983) (Nicholls et al., 2008). The recognition of SA by
HA is in fact, much more complex than simply differentiatingent of Molecular Microbiology
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l rights reserved.between a 2–3 and 2–6 glycosidic linkage. There are very important
interactions of HA with saccharides outside the terminal SA and
modiﬁcations of the SA and other saccharides can also affect the
ability of HA to recognize SA containing carbohydrates (Russell et al.,
2006; Stevens et al., 2006b).
While the receptor binding pocket of the inﬂuenza A virus HA
protein is structurally conserved among a number of HA subtypes the
precise amino acids which dictate receptor binding speciﬁcity and
afﬁnity vary to some degree (Russell et al., 2006; Stevens et al., 2006a).
Amino acids 226 and 228 of H3 subtypes of inﬂuenza HA have been
implicated as critical residues important for differentiating between 2,3
SA and 2,6 SA receptors (Vines et al., 1998). However, a number of other
H3 amino acids canmodulate receptor recognition or afﬁnity (Martin et
al., 1998; Matrosovich et al., 2000; Meisner et al., 2008; Nakajima et al.,
2003; Suzuki et al., 2000) (Busch et al., 2008; Lu et al., 2006; Lu et al.,
2005; Medeiros et al., 2001;Medeiros et al., 2004;Widjaja et al., 2006).
In particular, amino acid 190 has been associated with changes in 2,3
versus 2,6 SA recognition in H3 subtype viruses (Martin et al., 1998;
Nobusawa et al., 2000; Yassine et al., 2007). A glutamic acid (E) is
present in many avian inﬂuenza virus strains while an aspartic acid (D)
is often found in human H3 viruses at this position (Matrosovich et al.,
2000; Stevens et al., 2006a). The A/Udorn/307/72 inﬂuenza virus strain
has afﬁnity for both 2,3 SA and 2,6 SA (Matrosovich et al., 2000; Suzuki
et al., 2000) and has amino acids associated with 2,6 SA receptor
binding at positions 226 and 228 but not at position 190.
Since receptor recognition is believed to be one, if not the, key
barrier for cross-species transmission of inﬂuenza A viruses, we
Fig. 1. Replication of rUdorn viruses encoding HA proteins with mutations in the
receptor binding site. A) The indicated recombinant viruses were analyzed by plaque
assay on MDCK cells. The plaque diameter was measured with a micrometer, average
plaque diameter (n=25 for rUdorn; n=20 for rUdorn HA L226Q/S228G; n=39 for
rUdorn HA E190D) calculated and statistical signiﬁcance determined by student's t test.
B) Virus replication in MDCK cells after infection at an MOI=0.01. Infected cell
supernatants were harvested at the indicated times and TCID50 titers determined on
MDCK cells. The dotted line indicates the limit of detection. The mean and standard
error of the mean are graphed.
Fig. 2. Viral protein expression. MDCK cells were infected at an MOI of approximately 5
and harvested for ﬂow cytometry at 6 hpi. The cells were immunostained for the M2 (A,
C and E) or HA (B, D, F) protein and analyzed by ﬂow cytometry. The percent positive (%
pos) and mean channel ﬂuorescence (MCF) were determined using CellQuest software.
The data shown are representative of results from 4 independent experiments. The dark
traces represent virus-infected cells while the light traces represent mock-infected cells.
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the ability of inﬂuenza A/Udorn/307/72 to productively infect murine
tracheal epithelial cell (mTEC) cultures. Our results suggest that amino
acid changes outside of positions 226 and 228 of H3 HA proteins, in
particular position 190, can profoundly impact the ability of inﬂuenza
A virus to recognize and utilize 2,3 SA as a virus receptor.
Results
The inﬂuenza A/Udorn/307/72 (rUdorn) virus HA protein can
recognize 2,6 and 2,3 SA and is able to replicate in mTEC cultures
(Ibricevic et al., 2006; Newby et al., 2007). The mTEC cultures express
only 2,3 SA and minimally tissue culture passaged inﬂuenza virus
strains that recognize only 2,6 SA are not able to replicate in mTEC
cultures (Ibricevic et al., 2006; Newby et al., 2007), suggesting the
recognition of 2,3 SA is key for inﬂuenza virus replication in thesecultures. The rUdorn HA protein contains consensus residues at
positions 226 and 228 which confer binding to 2,6 SA, however, it
encodes an E at position 190 which has been shown to increase HA
afﬁnity for 2,3 SA (Martin et al., 1998; Matrosovich et al., 2000;
Nobusawa et al., 2000; Yassine et al., 2007).
Site-directed mutagenesis was used to introduce amino acid
changes that would alter the SA recognition of the rUdorn HA to
solely 2,3 SA (HA L226Q/S228G). A mutation at position 190 (E190D)
was introduced in order to confer greater selectivity for 2,6 SA.
Recombinant inﬂuenza viruses encoding these mutations were
rescued and characterized for their replication in MDCK cells since
this cell type is routinely used to propagate a number of different
inﬂuenza A virus strains. The recombinant virus encoding HA L226Q/
S228G had signiﬁcantly smaller plaques (p=0.0026) than the rUdorn
wt virus while the virus encoding HA E190D formed plaques that were
not signiﬁcantly different in size (p=0.0268) from those of rUdorn wt
(Fig. 1A). These data indicated the rUdorn HA L226Q/S228G virus was
not as efﬁcient at infecting MDCK cells as its parental virus.
The viruses were then characterized for their replication in MDCK
cells (Fig. 1B) after a low multiplicity of infection (MOI). The rUdorn HA
E190D virus replicated to similar titers as the rUdorn wt virus while the
rUdorn HA L226Q/S228G virus replicated to titers that were consistently
10 to 100 fold lower. MDCK cells express higher levels of 2,3 SA when
compared to 2,6 SA (Matrosovich et al., 2003; Oh et al., 2008), so the
reduced replication of the rUdorn HA L226Q/S228G virus in both plaque
assays and after low MOI infection implies that these mutations have a
detrimental effect for virus replication in the rUdorn genetic background.
To determine if the rUdorn HA L226Q/S228G virus had altered
levels of viral protein expression, MDCK cells were infected at an MOI
of 5, harvested 6 hpi and the levels of HA and M2 protein expression
Fig. 3. Virus infection of respiratory epithelial cells. The indicated viruses were used to
infect A) human CaLu3 cells or B) differentiated mTEC cultures at an MOI=0.01. Infected
cell supernatants were harvested at the indicated times and TCID50 titers determined on
MDCK cells. The dotted line indicates the limit of detection. The mean and standard
error of the mean are graphed.
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numbers of virus infected cells was equivalent for rUdorn wt and
rUdorn HA L226Q/S228G viruses when the number of M2 (75.90%
versus 89.07%) or HA (62.03% versus 80.27%) positive cells was
determined. The amount of cell surface HA and M2 (as judged by the
MCF) was also comparable, indicating that the expression level of
these viral proteins was not altered by the introduction of the HA
mutations at L226Q/S228G. The rUdorn E190D virus had slightly lower
numbers of antigen positive cells and protein expression when
compared to rUdorn (Fig. 2E and F), suggesting that slight changes
in viral protein expression levels did not alter virus replication (Fig. 1).
Since the introduced mutations should alter the receptor binding
of the recombinant viruses, the hemagglutination activity of the
viruses against red blood cells (RBCs) from several species was
determined (Table 1). Equivalent infectious units of all viruses were
tested for their ability to hemagglutinate human, chicken, horse or
swine RBCs. Human, chicken and swine RBCs possess both 2,3 and
2,6 SA while horse RBCs express primarily 2,3 SA (Ito et al., 1997a).
The rUdorn and rUdorn HA L226Q/S228G viruses were able to
hemagglutinate all the RBCs to similar extents. In contrast, the
rUdorn HA E190D virus was not able to hemagglutinate human or
horse RBC, but did hemagglutinate chicken and swine RBCs, although
the titer was signiﬁcantly lower than that observed with the other
viruses. These data indicate that the introduction of the E190D
mutation to the Udorn HA not only altered receptor binding
speciﬁcity, but also affected the receptor binding afﬁnity for various
RBCs. It is interesting to note that position 98 of H3 subtype inﬂuenza
viruses has recently been shown to alter virus–receptor interactions
(Meisner et al., 2008). Mutations at position 98 had little effect on
virus replication in MDCK cells but severely attenuated replication in
the mouse respiratory tract. These data, together with the data
presented here, suggest that alterations in inﬂuenza receptor
speciﬁcity may have more dramatic effects on virus replication in
relevant tissue culture systems or animal models than are seen in
standard cell lines.
The data from Fig.1 and Table 1 indicate that the ability to replicate
effectively in MDCK cells does not correlate with the ability to
hemagglutinate RBCs, as the rUdorn and rUdorn HA L226Q/S228G
viruses both hemagglutinated RBCs efﬁciently, but produced signiﬁ-
cantly different amounts of infectious virus after infection of MDCK
cells. In contrast, the rUdorn HA E190D virus was less efﬁcient at RBC
hemagglutination than rUdorn, but replicated to similar titers on
MDCK cells.
Altering the receptor binding speciﬁcity of rUdorn led to
unexpected changes in virus replication on MDCK cells. In order to
assess the effects of altering receptor binding speciﬁcity on virus
replication in other cell types, the recombinant rUdorn viruses were
used to infect the human lung epithelial cell line CaLu3 at a low MOI
(Fig. 3A). CaLu3 cells express both 2,3 and 2,6 SA and have been used
to study the replication of a number of human inﬂuenza virus strains
including the 1918 H1N1 and contemporary H5N1 viruses (Tumpey
et al., 2005; Zeng et al., 2007). Virus replication in CaLu3 cells was
signiﬁcantly different than replication in MDCK cells for the rUdornTable 1
Hemagglutination titers of rUdorn HA mutants
Virusa RBCsb
Human Chicken Horse Swine
rUdorn 64 256 256 256
rUdorn HA L226Q/S228G 256 512 512 512
rUdorn HA E190D b4 64 b4 32
a All viruses were diluted to a concentration of 106 TCID50 before the dilution series
was made.
b The numbers represent the inverse of the last dilution at which hemagglutination
was observed and are representative of 5 independent experiments.HA E190D virus, as it replicated to lower initial titers than either
rUdorn wt or the rUdorn HA L226Q/S228G. In agreement with the
data fromMDCK cells, the rUdorn HA L226Q/S228G virus replicated to
titers 10–100 fold lower than rUdorn wt. The data indicate that a
change at position 190 of the H3 HA protein can lead to attenuated
virus replication on a human respiratory epithelial cell line.
Virus replication in primary, differentiated mTEC cultures was
then assessed. These cultures express only 2,3 SA and furthermore,
the 2,3 SA is expressed only on the ciliated cells (Ibricevic et al., 2006;
Newby et al., 2006). Virus replication mirrored that seen in CaLu3
cells, with the rUdorn HA E190D virus being more attenuated than
either rUdorn wt or rUdorn HA L226Q/S228G. In fact, no infectious
virus was detected from rUdorn HA E190D infected cells at any time
point tested. Again, the rUdorn HA L226Q/S228G virus showed a
replication rate that was consistent with its replication in MDCK cells
(10–100 fold lower than rUdornwt). Taken together, the data indicate
that altering the receptor binding speciﬁcity of the rUdorn HA at
position 190 has profound effects on virus replication in murine
epithelial cell cultures.
Since the rUdorn HA E190D virus was extremely attenuated after
infection of mTEC cultures, the ability of the virus to infect these
cells was investigated further. The mTEC cultures were infected with
the rUdorn viruses and the cultures were analyzed for viral protein
expression at 48 hpi (Fig. 4). Viral antigen-positive ciliated cells were
detected in mTEC cultures infected with either rUdorn wt or rUdorn
HA L226Q/S228G. In two independent experiments, only one cell
Fig. 4. Virus infection of mTEC cultures. At 48 hpi, mTEC cultures were ﬁxed and processed for confocal microscopy using antibodies to the ciliated cell protein β-tubulin IV and the HA
(subtype H3) protein. Confocal imageswere acquired using a 63×objective and aremagniﬁed by a factor of 2×(A–F) or 1×(G, H, I). The image is reconstituted from a series of z-stacks.
J) The virus infected cells in 21–23 randomly chosen ﬁelds, in two independent experiments were counted. The individual values and means are shown. Statistical signiﬁcance
determined by student's t test.
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virus was unable to establish an infection in mTEC cultures. When
the number of virus infected cells was quantiﬁed (Fig. 4J), thenumbers of infected cells was consistent with the extent of virus
replication in the cultures (Fig. 3B). Taken together, the data indicate
that the amino acid at position 190 of H3 subtype HA proteins
65A. Pekosz et al. / Virology 386 (2009) 61–67plays an important role in virus replication in human and murine
epithelial cell cultures.
Discussion
The interaction of inﬂuenza A virus from non-human hosts with
cell receptors on human cells is undoubtedly an important factor in
determining whether a particular inﬂuenza A virus strain is capable of
infecting humans (Suzuki et al., 2000). While this paradigm is often
portrayed as simply an issue of differential recognition of 2,3 versus
2,6 SA, in reality the interactions of inﬂuenza virus with host cell
receptors are much more complex (Nicholls et al., 2008; Stevens et al.,
2006b).
Sialic acid residues can be linked to a number of different N- and O-
linked carbohydrate chains in a cell- or species-speciﬁcmanner (Varki,
2007; Varki and Varki, 2007). Inﬂuenza virus entry into susceptible
cells appears to be dependent on SA residues attached to N-linked
carbohydrates (Chu and Whittaker, 2004), therefore there may be a
distinction between SA residues that allow for binding of inﬂuenza
and SA residues that can mediate efﬁcient entry of the virus. Other
carbohydrate residues besides the terminal SA can contribute
signiﬁcant interactions with HA that can stabilize and facilitate virus
binding (Nicholls et al., 2008; Stevens et al., 2006b; Suzuki, 2005).
In addition to the complexity of the carbohydrates and SA present
on the cell surface, a number of amino acids that surround the HA
receptor binding pocket play important roles in stabilizing virus–cell
interactions. Position 190 of H1 HA subtypes (Glaser et al., 2005;
Stevens et al., 2006a) and positions 226 and 228 of H3 HA subtypes
(Connor et al., 1994; Vines et al., 1998) have critical roles in
differentiating 2,3 from 2,6 SA. The receptor binding pocket of HA
is a cavity at the tip of the protein which consists of a number of
different regions of the protein including but not limited to the ones
identiﬁed as key for discriminating 2,3 and 2,6 SA (Russell et al.,
2006). Studies focusing on inﬂuenza A virus adaption to replication in
tissue culture (Asaoka et al., 2006; Govorkova et al., 1999; Rocha et al.,
1993) or embryonated hen eggs (Ito et al., 1997a; Ito et al., 1997b; Lu
et al., 2006; Lu et al., 2005; Medeiros et al., 2001; Widjaja et al., 2006)
have suggested that amino acid changes at a number of different
residues in HA can contribute to replication and/or alteration of
receptor recognition. Finally, the glycosylation of HA can have
profound effects on receptor recognition (Deom et al., 1986; Ohuchi
et al., 1997).
The complexities evident in receptor expression and recognition
no doubt play an important but poorly deﬁned role in inﬂuenza virus
infection in vivo. It is important to note the differences in virus
replication observed in the three culture systems analyzed in this
study. Recombinant viruses encoding HA proteins with altered
receptor binding pockets replicated to different extents, depending
on the culture system used. In MDCK cells, the rUdorn HA E190D virus
replicated to levels that were nearly identical to that of rUdorn wt
(Fig. 1) but the same virus was severely attenuated in CaLu3 andmTEC
cultures (Fig. 3). These data indicates that receptor utilization can have
important implications on the cell tropism of inﬂuenza virus.
While 2,6 SA is not detectable in mTEC cultures (Ibricevic et al.,
2006; Newby et al., 2007), both 2,3 SA and 2,6 SA are present on CaLu3
cells (Zeng et al., 2007), suggesting the change in position 190 of H3HA
proteins may also alter interactions with other carbohydrate residues
present on the 2,6 SA containing carbohydrate chains. These kinds of
interactions have been discerned in X-ray crystallographic structures
(Russell et al., 2006) and inferred from a number of studies involving
egg or tissue culture adaption of H3 inﬂuenza viruses (Lu et al., 2006;
Lu et al., 2005;Martin et al.,1998;Medeiros et al., 2001;Medeiros et al.,
2004; Meisner et al., 2008; Nakajima et al., 2003). These data serves to
emphasize the role that infections of relevant cell types or culture
systems can play in elucidating the biologically important effects of
altering receptor binding speciﬁcity on inﬂuenza virus infection.A role in receptor recognition for position 190 in H3 HA subtypes
has been suggested in a number of studies, as this position comes in
contact with the penultimate carbohydrate in several models of HA–
receptor interactions (Matrosovich et al., 2000; Russell et al., 2006;
Stevens et al., 2006a). A change from E to D at position 190 altered the
ability of inﬂuenza A/Aichi/51/92 (H3N2) to agglutinate chicken red
blood cells and increased recognition of 2,6 SA (Nobusawa et al.,
2000), which is consistent with our data (Table 1). A substitution of
E190A in the A/Aichi/5/68 (H3N2) HA altered binding to human
erythrocytes and sensitivity to inhibition with horse serum, suggest-
ing an altered receptor binding activity (Martin et al., 1998). A D190A
mutation in A/turkey/Ohio/313053/04 H3N2 was shown to be critical
for transmission of this virus from turkeys to swine, efﬁcient virus
replication in ducks and transmission in chickens (Yassine et al.,
2007). In contrast, an E190G substitution in the A/Aichi/2/68 did not
signiﬁcantly alter agglutination of chicken RBCs (Nakajima et al.,
2003), suggesting that the nature of the amino acid substitution at
position 190 is important for receptor recognition. Since our results
with A/Udorn/307/72 indicate alterations at position 190 have
profound effects on RBC hemagglutination and infection of respiratory
epithelial cells, it may be that the importance of position 190 is
dependent upon the identity of other amino acids in the particular HA
protein under study.
The dramatic reduction in rUdorn HA E190D replication in mTEC
cultures illustrates the importance of 2,3 SA recognition in the mouse
model of inﬂuenza virus infection. Inﬂuenza viruses with strictly 2,6
SA recognition did not infect mice ormTEC cultures while viruses with
2,3 SA or mixed SA recognition replicated to varying degrees (Ibricevic
et al., 2006). Eliminating 2,3 SA recognition of rUdorn abolished virus
replication in mTEC cultures. Since the inﬂuenza NA activity has been
shown to be important for virus release from infected cells, it is
possible that part of the replication defects observed with our
recombinant viruses result from a speciﬁcity mismatch of HA receptor
recognition versus NA receptor destroying activity.
While mice express both 2,3 and 2,6 sialyltransferases, there is
contradictory data on the expression pattern of 2,3 versus 2,6 SA in
the mouse respiratory tract. Ibricevic et al., demonstrated 2,3 SA but
no detectable 2,6 SA in mouse lung and inﬂuenza A viruses that
recognized only 2,6 SA were not able to replicate in mice (Ibricevic et
al., 2006). Cultures of mTECs from C57Bl6 or Balb/c mice contain only
2,3 SA (Ibricevic et al., 2006; Newby et al., 2007). In contrast, Glaser
et al., demonstrated the expression of both forms of SA (Glaser et al.,
2007) in the mouse respiratory tract and viruses that recognize 2,6
SA could replicate in C57Bl6 mice, as well as mice that lacked the
gene for 2,6 sialyltransferase, suggesting that human inﬂuenza
viruses can replicate in the absence of 2,6 SA (Glaser et al., 2007).
Since some inﬂuenza A virus strains can replicate in cell lines devoid
of 2,6 SA (Kumari et al., 2007) it may be that there are other, non SA
receptors for inﬂuenza A virus (Rapoport et al., 2006). Since these
studies utilized lectins for SA detection, a resolution of this
discrepancy must await the use of other techniques for SA
characterization and quantiﬁcation.
Materials and methods
Cells
Madin–Darby canine kidney cells (MDCK), human embryonal
kidney cells (293T) and human epithelial cells (CaLu3) were cultured
in Dulbecco's modiﬁed Eagle's medium (DMEM) containing 10% fetal
bovine serum (FBS), 100 U/ml penicillin, and 100 μg/ml streptomycin.
The HB-64 and HB-65 hybridomas (ATCC) were cultured in DMEM
containing 10% fetal bovine serum (FBS), 100 U/ml penicillin, and
100 μg/ml streptomycin. For antibody collection, the cells were grown
to high density, the media was replaced with RPMI 1640 media
containing 10% hybridoma enhancing supplement (Sigma), 100 U/ml
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5–7 days before cell free supernatants were collected and stored at −
20 °C.
Murine trachea epithelial cell (mTEC) cultures from Balb/c mice
were established on 0.4 μM pore, 0.33 cm2 Transwell-Clear mem-
branes using air–liquid interface (ALI) conditions as previously
described (Rowe et al., 2004; You et al., 2002). When mature (after
at least 7 days of ALI), the mTEC cultures were composed of 30 to 50%
ciliated cells (Newby et al., 2007).
Viruses
The inﬂuenza A viruses used in this study were derived from the A/
Udorn/307/72 virus (rUdorn) reverse genetics system (Takeda et al.,
2002). The rUdorn virus encodes an H3 hemagglutinin (HA) protein
which recognizes both α2,3- and α2,6-linked sialic acid. In order to
generate an HA that preferentially recognizes α2,3-linked sialic acid,
PCR mutagenesis was used to introduce amino acid substitutions at
positions 226 (L to Q) and 228 (S to G) in plasmid pHH21 Udorn HA
(Takeda et al., 2002).To generate an HA that preferentially recognizes
α2,6-linked sialic acid, PCR mutagenesis was used to introduce an
amino acid substitution at position 190 (E to D). Viruses encoding
these HA proteins (rUdorn HA L226Q/S228G and rUdorn HA E190D)
were generated entirely from cDNA using the 12 plasmid rescue
system (Takeda et al., 2002). The HA sequence of the rescued viruses
was conﬁrmed by sequencing the coding region of the HA segment.
Viral stocks were generated by infecting MDCK cells at a
multiplicity of infection (MOI) of 0.01 plaque forming units (PFU)
per cell and the infected cell supernatant harvested 72 h post-
infection. Infectious virus titers were determined by plaque assay or
50% tissue culture infectious dose (TCID50) as described previously
(McCown et al., 2003; McCown and Pekosz, 2006). The diameters of
plaques visible in MDCK monolayers stained with Napthol blue black
(Sigma) was measured with a micrometer (Scienceware).
Hemagglutination assay
Chicken, horse, swine and human red blood cells (RBCs, Cocalico
Biologicals) were diluted to a 20% v/v solution in Alsever's Solution. In
a 96-well plate, containing 100 μl of PBS per well, a 2 fold dilution
series of virus was prepared. Equivalent TCID50 units were used. Red
blood cells from each species were diluted to 0.5% and 100 μl was
added to each well of the dilution series. Hemagglutination (HA) units
for each virus was determined by comparing RBCs that settled out of
solution to those that remained suspended after an overnight
incubation at 4 °C.
Infectious virus production
The kinetics of infectious virus production on MDCK and CaLu3
cells were determined by infecting with the indicated virus at an MOI
of 0.01 in DMEM containing 4 μg/ml N-acetyl trypsin, penicillin, and
streptomycin. The cells were rocked at room temperature for 1 h,
washed with PBS, and incubated in DMEM with 4 μg/ml N-acetyl
trypsin, 0.1% bovine serum albumin, penicillin, and streptomycin. At
the indicated times post infection, infected cells were collected and
stored at −70 °C. Infectious virus titers were determined by TCID50.
Cultures of mTECs were infected via the apical chamber with
approximately 3600 PFU of virus diluted in warm DMEM containing
penicillin–streptomycin in a total volume of 100 μl. If all cells in the
culture were susceptible to inﬂuenza virus infection, this would
correspond to a MOI of approximately 0.01. The cells were incubated
with virus at 37 °C for 1 h, the inoculumwas removed, and cells were
washed three times with 200 μl of DMEM containing penicillin–
streptomycin. After washing, 100 μl of DMEM containing penicillin–
streptomycin and 500 μl of TECMM (Rowe et al., 2004; You et al., 2002)was placed in the apical and basolateral chambers, respectively. Apical
supernatants were collected at the indicated times post infection and
stored at −70 °C. Infectious virus titers were determined by TCID50.
Immunoﬂuorescence confocal microscopy
At 48 h post-infection, mTECs were washed three times with
phosphate buffered saline (PBS, GIBCO Inc., Carlsbad, CA), and ﬁxed in
PBS containing 2% paraformaldehyde for 15 min at room temperature.
Cells were washed three times with PBS, and permeabilized with PBS
containing 0.2% Triton-X 100 and 0.1% sodium citrate for 10 min at
room temperature. Cells were washed and incubated in PBS contain-
ing 3% normal goat or normal donkey serum and 0.5% bovine serum
albumin (blocking buffer) for 30 min at room temperature. Cells were
washed, and incubated with mouse anti-β Tubulin IV (1:100 dilution;
BioGenex, San Ramon, CA) and goat anti-A/Aichi/2/68 H3 sera (1:250
immunoﬂuorescence; NIH/NIAD reference reagent V314-591-157).
After washing, the cells were incubated with goat anti-mouse IgG
(1:500 dilution, Alexa Flour 488, Molecular Probes), donkey anti-goat
IgG (1:250 dilution, rhodamine red, Jackson Laboratories), and TO-
PRO-3 for 45min. Thewash solution for all post-ﬁxation steps was PBS
with 0.2% Tween-20. Transwell-Clear membranes were mounted
using 10 μl of Molecular Probes ProLong antifade (Molecular Probes),
and slides were imaged using a Zeiss LSM 510 Meta confocal
microscope. All images were obtained with a 63×oil objective. All
images presented are a ﬂattened composite of Z-stack images
collected with LSM software. Random ﬁelds were chosen and the
numbers of antigen positive cells per ﬁeld were counted.
Flow cytometry
MDCK cells were infected with virus at an MOI=5, then removed
from the tissue culture plate with trypsin at 6 h post-infection. The
trypsin was inactivated by addition of FBS to the solution at a ﬁnal
concentration of 10%. Cells were washed three times in PBS and
immunostained for M2 or HA surface expression using the mouse
monoclonal antibody 14C2 (1:500 dilution; anti-inﬂuenza A virus M2
protein), and the goat anti-A/Aichi/2/68 H3 sera (1:250 dilution). The
secondary antibodies used were goat anti-mouse IgG (1:500 dilution;
Alexa Flour 488, Molecular Probes) and donkey anti-goat IgG (1:500
dilution; Alexa Fluor 647; Molecular Probes). Cells were stained live at
4C tomaximize cell surface staining. All antibody dilutions were made
in blocking buffer andwashes werewith PBS. The speciﬁc stainingwas
quantiﬁed using a FACSCalibur dual laser ﬂow cytometer (Becton-
Dickinson) and data was collected with Cell Quest software.
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